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Introduction
The degradation of histidine to glutamate follows a different pathway than that of other amino acids catalyzed by transaminases [1] In the first stage, histidine ammonia-lyase (HAL, EC 4.3.1.3), eliminates the α-amino group from L-histidine (L-His) resulting the α,β-unsaturated (E)-urocanate (Fig. 1) . The (E)-urocanic acid is a component of human sweat and has been suggested to act as a sun blocker in human skin [2] . The absence of HAL in humans is known as a disease called histidinemia [3] . <Figure 1>
HAL is a subset of the ammonia-lyase family together with the phenylalanine ammonia-lyase (PAL, EC 4.3.1.24) and tyrosine ammonia-lyase (TAL, EC 4.3.1.23) catalyzing the deamination of the corresponding L-amino acid to (E)-cinnamic acid and (E)-coumaric acid [1] . Cloning and sequencing of Pseudomonas putida genes that code HAL (hutH) and urocanase (hutU) have been described [4, 5] . HAL is also present in mammals (rat and human) [6] [7] [8] . An extensive analysis of the taxonomic distribution and phylogeny of PAL/TAL/HAL revealed that eukaryotic HAL, fungi PAL and land plants PAL have distinct origins [9] . Taxonomic distribution of HAL and PAL orthologues indicated that the ancestor of eukaryotes harbored a HAL while a PAL was introduced by horizontal gene transfer in the ancestor of fungi and the ancestor of land plants [9] . Histidine ammonia-lyase from Pseudomonas putida [10] was found to have 44, 43, 33, 32 and 31% amino acid sequence identity to Rattus norvegicus HAL [11] , to Bacillus subtilis HAL [12] , to Anabaena variabilis (bacterial) PAL [13] , to Rhodosporidium toruloides (yeast) PAL [14] and to Petroselinum crispum (parsley) PAL [15] , respectively.
The non-oxidative deamination of the substrates, catalyzed by HAL, PAL and TAL requires the presence of 3,5-dihydro-5-methylidene-4H-imidazol-4-one (MIO) electrophilic prosthetic group [16] [17] [18] in the enzyme. As a crystal structure study of three mutants (D145A, F329G and F329A) of HAL from Pseudomonas putida (PpHAL) indicated [19] , MIO is formed autocatalytically by cyclization and dehydration of an Ala-Ser-Gly tripeptide (Fig. 2) [16, 19, 20] . The MIO prosthetic group was later identified in the crystal structures of yeast [14, 21] , plant [15] and bacterial PAL [22] and bacterial TAL [23] . MIO was identified in L- phenylalanine and L-tyrosine-2,3-aminomutases (PAM [24] [25] [26] and TAM [27, 28] , respectively) as well.
<Figure 2>
Histidine, phenylalanine and tyrosine ammonia-lyases should remove the non-acidic pro-S β-proton from their substrates, without extracting the more acidic protons from the ammonium moiety of the corresponding L-amino acid [1] . Biochemical data were interpreted by means of two significantly different mechanisms (Fig. 1 ) [1] . The first proposals for the mechanism of the ammonia elimination catalyzed by HAL [29] and PAL [30] suggested that an interaction between the amino group of the substrate and the electrophilic prosthetic group of the enzyme (i.e. an N-MIO intermediate) facilitates the reaction owing to the formation of a better leaving group [30, 31] . Due to the difficulty entailed by this possible mechanism to abstract the nonacidic pro-S β-proton by the enzymic base in the course of ammonia elimination, an alternative mechanism involving a Friedel-Crafts (FC) type attack at the aromatic ring of the substrates by the electrophilic prosthetic group has been suggested [32] . In spite of the significant differences in the properties of these enzymes, the presence of their similar electrophilic prosthetic group seemed to indicate that HAL, PAL and TAL catalyze their reactions by analogous mechanisms [1] .
After elucidation of the structure of HAL by X-ray crystallography and discovery of MIO (Fig. 2) [16] , the importance of several amino acid residues at the active center (Tyr53, His83, Asn195, Gln277, Tyr280, Arg283, Phe329 and Glu414) for catalysis and substrate binding was evaluated by site-directed mutagenesis [33] . Mutagenesis was also performed for active site amino acid residues of PAL [34] that were identical or similar to the active site residues of HAL. The almost total loss of activity observed with the mutant Y53F of HAL (2650 times less active than the wild-type HAL) and with the mutant Y110F of PAL (75 000 times less active than the wild-type PAL) demonstrated that Tyr53 in HAL and Tyr110 in PAL were essential for the catalysis [33, 34] .
A unique feature of the reaction catalyzed by HAL is the significant enhancement of the enzyme activity in the presence of divalent metal ions, such as Zn 2+ , Cd 2+ or Mn 2+ [35] . The optimal activity of HAL was shown to be dependent on the addition of metal ions [35, 36] .
Based on these experimental data, it was already proposed that the interaction of the substrate with the His83 imidazole group could be mediated by coordination with Zn 2+ [33] .
Although mutagenesis data [33] and six crystal structures [16, 19 37] are available for HAL, the nature of the covalent reaction intermediate (Fig. 1) 
Theory and methods

Experimental ammonia-lyase structures used for the computations
Six crystal structures of Pseudomonas putida histidine ammonia-lyase HAL (Brookhaven Protein Data Bank (PDB) codes: 1B8F, unliganded PpHAL Cys273Ala-mut [16] ; 1EB4,
unliganded PpHAL Phe329Ala-mut [19] ; 1GK2, unliganded PpHAL Phe329Gly-mut [19] ; 1GK3,
unliganded PpHAL Asp145Ala-mut [19] ; 1GKJ, unliganded PpHAL Tyr280Phe-mut [37] ; 1GKM,
PpHAL inhibited with L-cysteine [37] ) were compared. The six HAL structures showed only small differences in the positions of the amino acid side chains within the active center, with the exception of the arrangement of Met382 in the PpHAL inhibited with L-cysteine (1GKM).
Modeling the Tyr53-containing 39-80 loop region of PpHAL structure
A HAL structure with a closed active site (1GKM mod ) was constructed by modifying the PpHAL structure which included L-cysteine inhibitor (PDB code: 1GKM) by the replacement of the 39-80 loop, containing the catalytically essential Tyr53, in every subunit of the homotetrameric enzyme. The crystal structure of Anabaena variabilis phenylalanine ammonia-lyase PAL (PDB code: 3CZO) with a tightly closed active site [13] 
DFT calculations on ligands involved in HAL reactions
DFT calculations were carried out on -histidine and -4-nitrohistidine models (both with 
Results and discussion
Unfortunately, the available X-ray structures of HAL do not contain substrate, product or Zn 2+ ion [16, 19, 37] . This may be due to the partially open active site of the available HAL structures (Panel a in Fig. 4) . Therefore, the goals of this study were to generate a proper HAL enzymic environment to investigate the alternative enzyme-bound reaction intermediates and the role of Zn 2+ ion by means of computations.
Construction of a closed HAL active site environment for calculations
For modeling the closed active site containing state of HAL, the L-cysteine-inhibited PpHAL [37] was selected as a starting structure (PDB code: 1GKM). This is the only crystal structure of PpHAL in which an inhibitor is present. Importantly, this is also the structure where the side chain of Met382 has a different conformation from the side chain arrangement of the other five unliganded PpHAL structures [16, 19] .
Although the existing six PpHAL structures contain the Tyr53 inside the active site [19, 16, 37] , a structural comparison of HALs to the ammonia-lyases with tightly closed active sites indicated the Tyr-loops in all HAL structures are in a partially open conformation (Fig. 4a ).
The importance of the loop containing the catalytically essential tyrosine in the MIOcontaining ammonia-lyases was best demonstrated for PAL. The Tyr-loops were missing [14, 21, 22] or were in catalytically inactive conformation [15, 55] in several crystal structures of PAL. Only recently, the structure of PAL from Anabaena variabilis (AvPAL) containing a tightly closed active site confirmed the active conformation of the Tyr-loop [13] . Similarly, the crystal structure of Rhodobacter sphaeroides tyrosine ammonia-lyase (RsTAL) revealed a tight active center in which the loop containing the essential Tyr60 was present in active conformation [23] .
Comparison of the PpHAL (1GKM, in blue) structure to RsTAL (2O7B, in green) [23] and AvPAL (3CZO, in orange and CPK color) [13] with compact active centers revealed that the catalytically essential Tyr53-containing loop of PpHAL adopts a partially open conformation (Fig. 4a) . Because the most compact structure has been found for AvPAL (3CZO, 2.2 Å resolution) containing the non-solvent accessible essential Tyr78 and the electrophilic MIO deeply buried in the active center [13] , this ammonia-lyase structure has been selected as a template for modeling the compact conformation of the Tyr-loop of PpHAL.
Homology modeling was successful for modeling the essential Tyr-containing loop region of PAL (PcPAL, PDB code: 1W27 [15] ) and thus in creating a proper active site environment for calculations inside PAL [38, 55] . Therefore, a similar strategy was used to construct the 
Comparison of the conformation of the covalent reaction intermediates of the HAL reaction with the arrangements of the substrate and product
Some early reports have indicated that treatment of HAL at high pH in the presence of Lcysteine and oxygen leads to an irreversible inactivation of the enzyme [56, 57] . On denaturation, the L-cysteine inhibited HAL, followed by pronase digestion resulted in two main chromophoric products [58] . In one product, the exocyclic methylene of the MIO was substituted by the amino groups of L-cysteine. When L-cysteine inhibited HAL was first digested with trypsin, two chromophoric 24-residue peptides were isolated and identified as N MIO fragments [59] . This was later supported by the L-cysteine inhibited structure of PpHAL (PDB code: 1GKM) [37] . The inhibited HAL contains the inhibitor with its amino moiety close to the exocyclic methylene of the electrophilic MIO prosthetic group. This fact can be considered as a further proof for the presence of an amino-enzyme intermediate in the HAL reaction demonstrated by Peterkofsky [60] .
Structures of the HAL with L-cysteine [37] , TAL with 2-aminoindan-2-phosphonate inhibitor [23] and TAM co-crystallized with , -difluoro-β-tyrosine [61] or p-fluorocinnamate epoxide [62] provided strong evidence for reactions via N MIO intermediates (in which the substrate is connected to MIO through its amino group) for the ammonia-lyase and aminomutase
reactions. An alternative covalently bound intermediate was proposed by Rétey and coworkers [32] . In this case, a σ-complex would be formed between the aromatic part of the substrate and the MIO prosthetic group by Friedel-Crafts-like mechanism (FC).
Analysis of the active site residues surrounding the ligand in the L-cysteine-inhibited HAL [37] indicated that the pro-S -proton from the -histidine substrate can be abstracted by one of the three residues (Tyr53, Tyr280, Glu414) which might be considered as enzymatic bases (Fig. 5) . Mutagenesis experiments also demonstrated that Tyr53, Glu414 [33] , and Tyr 280 [33, 37] are important residues for the catalysis. The remarkably reduced catalytic activity of the analogous tyrosine (Tyr 60 and Tyr300) mutants of TAL [63] implies the importance of Tyr53 and Tyr280 in the HAL reaction.
When PAL was investigated with the phenylalanine analogues D-and L-2-aminooxy-3-phenyl-propionic acid, it was deduced that ammonia elimination approximated the leastmotion course [64] . In several RsTAL structures, products of the elimination reaction were found in the active site in a zig-zag orientation [23] . In addition to the substrate and product states (Fig. 5) (Table 1) . From the retained conformations of the covalent intermediates of the six CSs, -histidine and (E)-urocanate containing active site models were constructed. The substrate and product and the surrounding eight catalytically relevant amino acid residues were optimized within the closed HAL (1GKM mod ) active site. In this way, comparative analysis of the full S → I → P(+NH 2 ) reaction pathways become feasible ( 
The role of Zn(II) in the HAL reaction
The first known zinc-containing enzyme, carbonic anhydrase, was discovered in 1932 and was found to contain bound zinc, associated with catalytic activity [65, 66] . Nowadays, many enzymes are known to contain zinc coordinated to two or three histidine residues and to other residues or water molecules [67] [68] [69] . Enzymes may contain two histidines both coordinating the Zn ion by their N atoms [70, 71] or at their N atoms 1 or in some cases the Zn ion is coordinated by one His at N , whereas by the other His at N [70, [72] [73] [74] .
It was observed that Zn 2+ or a number of different divalent cations, like Cd 2+ or Mn
2+
, increase the activity of HAL [35] . On the other hand, there is no Zn 2+ containing crystal structure for HAL [16, 19, 37] . This apparent contradiction can be resolved by assuming that Zn 2+ , which is necessary for the catalytic activity, interacts during the HAL reaction with the HAL-specific His83 residue and with the imidazole of the substrate [33] . Therefore, the reason why no Zn 2+ containing HAL structure is known is that no substrate or product containing HAL structure has been determined so far [16, 19, 37] . Interaction of a Zn 2+ with the HAL-specific His83 and with the substrate during the catalysis [33] can also rationalize why HAL accepts only L-histidine [1] , L-4-fluorohistidine [75] or L-4-nitrohistidine [32, 76] as substrates. (Fig. 6a , similarly as found in Adamalysin II, a zinc endopeptidase from the snake venom of Crotalus adamanteus [77] (Fig. 6b) .
In the Zn-containing protein structures, two kinds of Zn-complexes can be found [73, 74] . The
Zn may be present in tetrahedral (Th) [73, 74] or trigonal bypiramidal (Tbp) [70, 71] complexes. During the HAL reaction, the further ligands of the Zn 2+ coordinated to His83 and to the imidazole of L-histidine can be the S atom of the Met382, which is a conserved residue of the histidine ammonia-lyases, and one (in a tetrahedral Zn-coordination, Th) or two water molecules (in a trigonal bipyramidal Zn-coordination, Tbp).
The DFT calculations were performed on the two kinds of truncated Zn-complex structures (Th and Tbp) including all important parts of the active site of HAL (partial elements of MIO, His83, Met382 and one or two conserved water molecules). The DFT calculations indicated that the reaction of HAL should include a tetrahedral Zn-complex, because only tetrahedral complexes resulted in reasonable structures ( Table 2) . Optimizations of all possible kinds of trigonal bipyramidal Zn-complex arrangements aborted or led to tetrahedral structures by exclusion of a water. Comparison of the tetrahedral Zn-complex ( Fig. 6c) with the Zn 2+ complex found in Adamalysin II [77] (Fig. 6b) and with the possible arrangement of the substrate-MIO covalent intermediate obtained by conformational analysis in the Zn-free active site (Fig. 6a ) indicated good agreement in the spatial arrangement of the structures.
<Table 2>
The overlay of the truncated tetrahedral Zn-complex and the ligand-free HAL structure (Fig.   6c ) indicated that N atom of the ligand's imidazole was involved in the Zn coordination, whereas the hydrogen atom on the N position could be at H-bond distance from Glu414 ( Fig.   6a and Fig. 6c ). The binding of the ligand during the HAL reaction at its imidazole ring by
His83 via the Zn-complex and by Glu414 via a hydrogen bond is in full agreement with active site mutation data indicating that the Glu414Ala (k cat /k cat-mut = 20930) and the His83Leu
(k cat /k cat-mut = 18000) mutations have the most dramatic effect on catalysis [33] . Although it might be considered that zinc(II) activates the enzyme by other mechanism, this mode of substrate binding can rationalize the very narrow substrate specificity (in addition tohistidine, only L-4-fluorohistidine [75] and -4-nitrohistidine [32, 76] are accepted as substrates [1] ) of HAL as well.
All the previous results implied that the enzymic base in the HAL reaction which abstracts the pro-S β-hydrogen as a proton is Tyr53. This was indicated by the 1.99 Å distance between the oxygen atom of Tyr53 and the pro-S β-hydrogen of the tetrahedral Zn-complex as well (Fig.   6c ).
Although Mulliken charges cannot be used as clear arguments for the acidity of hydrogen atoms, analysis of Mulliken charges of the pro-S β-hydrogens of L-histidine, L-4-nitrohistidine and truncated models for the Zn-free and Zn-coordinating N−MIO intermediates in the conformations allowed in the closed active site of HAL was performed (Table 3) . L-4-Nitrohistidine was also included because it is known that the nitro group acidifies the pro-S β-hydrogen of L-4-nitrohistidine [76] and it is accepted as substrate even by the MIO-less mutant of HAL 32] . The Mulliken charges found for pro-S β-hydrogen at the optimized geometries of L-histidine, L-4-nitrohistidine (N τH forms) and the Zn-complex models (Table 3) indicated that the pro-S β-hydrogen was significantly more polarized in L-4-nitrohistidine 
Conclusions
The present study revealed that the existing experimental structures of histidine ammonia- 
Tables
